. In parallel, several abnormalities occur in the B cell compartment including a progressive decline in total CD27 ϩ memory B cells, hypergammaglobulinemia, impaired reactivity to immunization and loss of specific antibodies gained during the normal vaccination schedule (2) (3) (4) . Highly-active antiretroviral therapy (HAART) reduces hypergammaglobulinemia (5) and increases the absolute B cell count (4, 6) . A critical question is whether the introduction of HAART recovers and/or maintains the B cell compartment fully functional. Several authors suggested that phenotypic and functional alterations in the B cell compartment persist in HIV-1-infected patients despite HAART treatment (3, 4, 7, 8) . Indeed, impaired humoral responses to vaccinations have been reported in HIV-1-infected children despite successful HAART (9, 10). However, no significantly different immunization schedules have been provided for these patients so far (11, 12) . Responses to immunizations are complex, requiring the integration of several components of the immune system, including B-and T-lymphocytes, which are under development during the 1st year of life (13) (14) (15) . HIV-1 may quantitatively and qualitatively affect these cells in a time-dependent manner. In previous articles, we and others showed that HAART initiated within the 1st year of life permits the normal development of an intact T cell repertoire (16) (17) (18) (19) (20) (21) . Even for the B cell compartment the detrimental elimination of antigen-specific pools of memory B cells occurs during the 1st stages of HIV-1 infection (22); thus, timing of treatment initiation may result in a different grade of disturbances of the memory B cell compartment. Here, we evaluated the effects of different HAART schedules on B cell responses in a cohort of 70 HIV-1 vertically-infected pediatric subjects. We reasoned that an early control of viral replication through treatment could preserve the normal development of the memory B cell compartment and responses to routine childhood vaccines. Our results show that HAART administered within the 1st year of life preserves the memory B cell compartment and its ability to mount specific secondary immune responses after antigenic challenge. On the contrary, patients treated later in time loose this ability suggesting that vaccine schedules might need to be revised in this latter group.
Results

Early Initiation of Highly-Active Antiretroviral Therapy Preserves
Memory B cells in Vertically HIV-1 Infected Children. Memory B cells (CD19 ϩ CD27 ϩ ) in the different HIV-1-infected groups and healthy controls were analyzed by flow cytometry. Early-treated patients maintained high percentages of memory B cells comparable to those observed in healthy controls whereas patients who started HAART later in life showed lower percentages (Fig.  1) . A significant difference was found between the control group and both the late control and the late failure group (P ϭ 0.04 and P ϭ 0.05 respectively) and between the early and late failure group (P ϭ 0.02) (Fig. 1 
Patients Treated Early Have the Capacity to Generate and Preserve
Antigen-Specific Memory B Cells. The presence of measles-and gp160-specific memory B cell pools in the different HIV-1-infected groups and healthy controls was analyzed by B cell enzyme-linked immunosorbent spot (ELISpot). A significant difference in the amount of measles-specific spots was found between early and late-treated patients regardless of viral control (P ϭ 0.01 and P Ͻ 0.001 for the late control and failure group respectively) and between early and treatment naïve patients (P ϭ 0.01) ( Fig. 2 A and B) . A progressive increase in the percentage of nonresponders to measles B cell ELISpot was observed among children starting HAART over the 1st year of life (25.1% for the late control group, 42.9% for the late failure group and 50% for the treatment naïve group) (Fig. 2D) . No difference was found between early-treated patients and healthy controls ( Fig. 2 B and D) . The HIV-1 gp160-specific spot formation showed the same trend observed for the measles antigen although significance was only found between the earlytreated and the late control groups (P ϭ 0.02) (Fig. 2C) . Accordingly, B cells from almost all early-treated patients (92.3%) showed the ability to produce gp160-specific spots compared with late-treated (67.9% for the late control group and 76.2% for the late failure group) and treatment naïve patients (83%) (Fig. 2E ).
Early Initiation of Highly-Active Antiretroviral Therapy Leads to the Maintenance of Antibody Titers Above Protective Threshold in HIV-1
Infected Children. The levels of plasma antibodies against routine vaccination antigens including measles, tetanus toxoid and pneumococcus were measured in vertically HIV-1-infected patients compared with healthy controls (Fig. 3 A-C) . Antibody titers against measles were lower in patients starting HAART over 1 year of age compared with healthy controls (P Ͻ 0.001) and early-treated patients (P ϭ 0.01 for the late control and P ϭ 0.03 for the late failure group) (Fig. 3A) . Antitetanus antibodies were also higher in the early-treated compared with the late-treated patients (P ϭ 0.02 for the late control group and P ϭ 0.05 for the late failure group respectively) (Fig. 3B ). Interestingly, a significant difference was also found between the late failure and the treatment naïve group (P ϭ 0.01). A similar trend was observed for the levels of pneumoccoccus-specific antibodies although only the results between the late control group and the treatment naïve patients reached statistical significance (P ϭ 0.02) (Fig.  3C ). Moreover, antibody titers against HIV-1 were measured ( Fig. 3D ) and the late-treated groups and the treatment naïve group showed higher concentrations of anti-gp41 antibodies compared with early-treated patients (Fig. 3D ). Among this latter group, 2 children who started treatment within the 1st year of life resulted persistently seronegative with this standard HIV-1 gp41 diagnostic ELISA technique (Fig. 3D) . Finally, we evaluated the percentages of patients carrying antibody titers above the protective threshold of 0.2 units/mL for measles (24) and 0.15 units/mL for tetanus (25) . All healthy controls and the majority of early-treated patients maintained antibody titers against measles and tetanus above protective threshold overtime (82% and 92% respectively). Conversely, more than half of the patients starting treatment after 1 year from birth presented with antibodies below protective threshold ( Fig. 3 E and F) . In the treatment naïve group, the majority of the patients had specific antibody titers below protective threshold for measles (67%) but not for tetanus (Fig. 3 E and F) . The time after vaccination or boost for measles and tetanus antigens had a minimal influence on antibody titers in healthy controls and early-treated patients who maintained high antibody titers up to 10 and 7 years. Conversely, patients treated later than 1 year of life presented with antibody levels below protective threshold already 1 year after vaccination or booster dose (Fig. 3 G and H) .
Discussion
In the present study, we identified timing of HAART initiation as the major factor predicting the longevity of memory B cell responses and immune protection in vaccinated HIV-1-infected children.
During the natural course of HIV-1 infection, B cells undergo phenotypic alterations and loss of functionality, including depletion of memory B cell pools, which are responsible for the maintenance of serologic memory (3, 26, 27) . Antiretroviral therapy permits only partial restoration of the memory B cell compartment (4) . In adults, most beneficial effects are obtained when therapy is applied during primary HIV-1 infection (PHI) (22) . Perinatal HIV-1 infection is acquired in the milieu of a developing immune system and consequently, in the absence of antiretroviral treatment, PHI in children results in higher levels of HIV-1 viremia compared with adults (28) . The decline in plasma virus levels requires considerably longer time during childhood, thus resulting in higher systemic viral exposure during the first 2 years of life (21) . The maturation process of the immune system in presence of active HIV-1 replication remains poorly studied. Timing of viral suppression through HAART might be crucial in defining the stage of immune dysfunction (27) .
We found that initiation of HAART within the 1st year of life in HIV-1 vertically-infected children is able to preserve the normal percentages of memory B cells. To assess whether this preserved memory B cell compartment is fully functional and able to differentiate into specific antibody secreting cells upon polyclonal stimulation in vitro, we performed B cell ELISpot assays against measles, an antigen directly correlated to the memory B cell percentage (29) and against HIV-1 gp160. Specimens from all of the early-treated patients were able to produce spots against measles and HIV-1. Taken together these results suggest that in early-treated patients the memory B cell compartment is fully functional for a representative common vaccination antigen as measles and for an antigen present since birth as the HIV-1 gp160. Moreover, we found that early-treated patients presented low or undetectable anti-HIV-1 antibody levels in the standard laboratory test against the HIV-1 gp41. This is a common phenomenon among HIV-1-infected infants receiving HAART early in life (21, 30) . The apparent paradox of HIV-1-infected individuals remaining seronegative with standard serologic diagnostic procedures is a peculiarity of HIV-1 infection when HAART is started during PHI (31, 32). Therefore, the HIV-1-specific B cell ELISpot, may represent an additional important diagnostic tool for evaluating the presence and quality of HIV-1-specific antibodies and memory B cells in this population. Indeed, in this study, specimens obtained from early-treated patients led to high levels of HIV-1-specific spot forming cells despite low or undetectable titers of anti-HIV-1 antibodies.
Fig. 1.
Early initiation of highly-active antiretroviral therapy preserves memory B cells in vertically HIV-1-infected children. Box plot analyses on the memory B cell percentages in controls and patients with different antiretroviral schedule.
To assess whether an early application of HAART also allows the immune system to respond and to maintain protective antibody titers upon common routine childhood vaccinations, we analyzed humoral responses to measles, tetanus and pneumococci. Noteworthy, the early-treated group developed and maintained antibody levels above protective threshold after measles and tetanus vaccination whereas the late-treated patients were below threshold despite successful HAART. These data are not due to the natural antibody decay because patients in the different groups have similar median years from vaccination or boost. This suggests that the maintenance of specific antibody titers observed in this study is related to a better maturation and preservation of the memory B cell compartment as a direct consequence of an early application of HAART. Interestingly, patients naïve to treatment maintained high levels of antitetanus antibodies. This is in accordance with a previous report showing that a preserved response to in vitro stimulation to tetanus toxoid is associated with long-term non progressive status in HIV-1 vertically-infected children (33) .
However, the waning of immunity observed in the late-treated patients may be also related to HIV-1-associated B cell exhaustion. This phenomenon has already been indicated for a population of tissue-like memory B cells in peripheral blood, lacking the expression of CD27 and presenting low levels of surface CD21 (34) . In this population, the chemokine and inhibitory receptor profiles are similar to those described on the antigenspecific T cells as a result of their exhaustion (34) . Furthermore, these B cells presented low Ig diversity compared with memory B cells, indicating that they may be part of a dysfunctional memory B cell compartment (34) . In this respect, we have recently shown that during chronic HIV-1 infection, both CD27 ϩ and CD27-B cells present alterations in the expression of the receptor-ligand pair CXCR5/CXCL13 and have altered migration patterns probably as a result of B cell hyperactivation and exhaustion (35) . This may lead to defective B/T cell contacts during germinal center reactions thus impairing the maintenance of specific antibodies during secondary immune responses (35) .
If maintenance of specific antibody titers was only due to specific memory B cell formation, and to the ability of those memory B cells to differentiate into plasma cells upon reinfec- tion, the relation between circulating antibody titers and specific memory B cells should be very stringent. However, the strength of this correlation varies considerably in several different studies (29, (36) (37) (38) . This might be partially explained by a different sensitivity between B cell ELISpot and ELISA. Nevertheless, data in this study showed a clear trend toward a positive correlation between the specific antibody titers to measles and the number of measles-specific spots (R ϭ 0.25, P ϭ 0.04). Interestingly, the maintenance of antimeasles and antitetanus antibody titers above protective threshold occurs in the earlytreated patients whereas this is not measurable for pneumococcal vaccination because its immunogenicity does not necessarily translate into long-term clinical protection (39) . Antibody quantification by ELISA may not equate with antibody efficacy in vivo; protection may be related not only to antibody concentration but also to antibody avidity and function (39) . Furthermore, to evaluate positive responses to pneumococcal polysaccharide vaccine (PPV) the use of arbitrary levels is less accurate than comparing fold increase from baseline (39) and the presence of opsonizing antibodies should be considered. Finally, post vaccination pneumococcal IgG levels seem to be reduced in treatment naïve and HAART-treated HIV-1-infected patients (40, 41) . The mechanisms underlying this condition are poorly known. In this context, of particular interest is the observation that transitional B cells stimulated by CpG terminally differentiate into plasma cells producing natural antibodies with innate pneumoccoccal specificity (42) . It has been recently shown that TLR9 responsiveness to CpG stimulation is diminished in HIV-1 disease (43) . Despite these limitations, a positive but not significant trend of higher levels of pneumococcal antibody titers was observed in the early-treated group.
To obtain an optimal response upon vaccination, a preserved humoral and cellular response is required (12) . In HIV-1 infection, this could be obtained through the application of an early antiretroviral therapy as we demonstrated in this study. Noteworthy, to reduce the morbidity and mortality caused by preventable infectious diseases, our data prompt clinicians to periodically check specific antibody levels, down to 1 year from vaccination or last boost, in HIV-1 vertically-infected children initiating HAART later than the 1st year of life. Additional booster vaccinations must be taken into account in this population.
Methods
Study Design, Subjects, and Vaccinations. This study is a cross-sectional analysis of 70 HIV-1 vertically-infected pediatric subjects enrolled at the Children Hospital Bambino Gesù , Rome, Italy. Children who started HAART within the 1st year of life were defined as ''Early''-treated patients whereas ''Late''-treated patients include children treated later in life. This latter group was subsequently subdivided into ''Late Control'' and ''Late Failure'' with respect to viral control. Patients with no therapeutic history were defined as ''Treatment naïve.'' All children were treated according to pediatric HIV-1 guidelines (44) . National routine vaccination protocol (www.ministerodellasalute.it) was applied for measles (Priorix, GlaxoSmithKline), tetanus (Hexavac, Sanofi Pasteur or Infanrix-hexa, GlaxoSmithKline for the first 3 doses then Boosterix, GlaxoSmithKline, for boosting) and Pneumococcus (Pneumo 23, Sanofi Pasteur). The clinical parameters of the patients enclosed in the study are reported in Table 1 . Fifty age-matched healthy controls were also included in the study. Ethical permissions and research approval at the Ospedale pediatrico Bambino Gesù , Rome, Italy, and written informed consent from parents or legal guardians was obtained. below or equal to the 25th percentile on the total raw data distribution was considered as a negative response (n ϭ 3 for measles and n ϭ 7 for HIV-1 gp160). (24) and 0.15 units/mL for tetanus (25) . For gp41-specific antibody detection, 6-fold serial dilutions of plasma were prepared (from undiluted to 1:62,500) and antibody levels for each sample were determined as the reciprocal of the highest serum dilution giving an OD at 450 nm above the cut-off value.
Cell Preparation and Flow
Quantification of Specific Antibodies in
Statistical Analyses. Before the final analysis, antibody data were censured by excluding non vaccinated subjects. Student t test or Mann-Whitney Rank Sum test were applied to analyze the CD27 ϩ memory B cell percentages, the number of antigen-specific spots and the titers of plasma-specific antibodies with respect to treatment schedule. Linear regression analyses were performed to correlate age, CDC stage, CD4 ϩ T cell/total B cell count and HIV-1 viral load to the above parameters.
